ABSTRACT User-centric network (UCN) organizes a dynamic base station group (BSG) for each user equipment (UE), consisting of potential base stations (BSs) with caching ability. However, the performance gain brought by the increased BS diversity of potential BSs has not yet been analyzed. Using stochastic geometry, the analytical expression of average outage probability is derived for the cache-enabled UCN, where a practical scenario is considered wherein inter-cache data transfer cannot be performed between BSs and the serving BS must have the requested content. Specifically, the gain of BS diversity within the BSG is characterized, where the UE benefits from transmission resource diversity of the BSG by always connecting to the BS with the best coverage performance among those with the required content, and the increased caching content diversity is utilized by searching the content within the BSG. Based on the analysis, to minimize the lower bound of outage probability, closed-form optimal caching distribution is obtained which is more uniform than the request distribution. Outage probability of the cache-enabled UCN is decreased by 42.1% compared to the case where the UE connects to the nearest BS with the required content. Moreover, the optimal caching distribution decreases outage probability by 28.5% compared to the policy of caching the most popular contents.
I. INTRODUCTION
One of the most important topics in 5G networks is the ultradense network (UDN), where small base stations (SBSs) are ultra-densely deployed ( 10 3 /km 2 ) [1] . On one hand, the densification of network poses challenges for the interference control, mobility management and backhaul deployment [2] , [3] . On the other hand, the number of potential SBSs that can provide services for each user equipment (UE) increases in UDN. To utilize the base station (BS) diversity of several potential serving BSs around the UE, the network architecture is shifted from traditional cell-centric to user-centric [4] , where a dynamic BS group (BSG) is formed to serve each UE in user-centric network (UCN) [5] .
At the same time, caching contents at the BSs has been an effective means to increase the probability of successful
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delivery by bringing the content closer to users [6] . Moreover, cache-enabled UCN can utilize the BS diversity of the BSG that consists of potential serving BSs. Specifically, on one hand, the UE always connects to the BS that provides the best coverage performance among those with the required contents, and thus the transmission resource diversity is exploited; on the other hand, the increased caching content diversity is exploited by searching contents within the BSG.
Although cache-enabled UCN is promising, the theoretical analysis has not yet been studied in existing literature to characterize the performance gain obtained from the increased BS diversity of potential BSs. Therefore, analytical expressions of coverage (or outage) probability for cache-enabled UCN should be derived using tools of stochastic geometry.
A. RELATED WORK coverage probability is introduced to unify signal-level and cache-level performance. Closed-form expressions for coverage [8] - [11] and throughput [8] , [10] , [11] are obtained respectively. In [8] , the average ergodic rate and outage probability of heterogeneous network are analyzed theoretically. In [9] , [10] , the successful transmission probability is derived to reveal the impacts of physical layer and contentrelated parameters. The authors in [11] obtain the analytical expressions of the success probability and area spectral efficiency. In [12] , with the uniform caching strategy, the impacts of the BS storage size, density and transmit power on the successful delivery probability are investigated. Furthermore, in [9] , [11] - [13] , the optimal caching distribution is investigated to maximize the analytical results of coverage and throughput. However, in [7] - [13] , the UE only concerns the caching contents of its tagged BSs, but fails to benefit from the increased BS diversity of potential BSs. In addition, only a few works (e.g., [13] ) derive the optimal caching distribution in closed-form.
The exploitation of potential BSs is imperative for coverage and throughput improvement in cache-abled network. In [14] , each UE searches the required content within the cluster of BSs. However, in [14] the clusters are designed from BSs' point of view and therefore are relatively static. In light of this, in order to meet each user's demand, user-centric BSG is formed in [15] - [17] and cache contents are searched within the user-centric BSG. Further, in [17] , the optimization problem of caching the content that maximizes the analytical results of delivery success probability is formed and solved. However, this paper is different from the works of [14] - [17] in the following aspects:
• It is assumed in [14] that the base band units of nearby BSs are centralized with fiber-based link, and cached contents can be exchanged between all BSs within the BS cluster. However, we consider a more common scenario where BSs are not connected by fiber-based link, and inter-BS connection (e.g., X2 interface) cannot provide inter-cache data transfer. Therefore, in contrast to [14] , only BSs with the required content can provide data transmission for the UE in a more practical deployment.
• In [15] , the UE connects to the BS with the highest average received power among those with the required contents. However, unlike [15] where the serving BS of the UE is fixed once the BSG is formed, the serving BS should always be the one with the best coverage performance within the BSG and change dynamically to benefit from the diversity gain of potential BSs.
• In [17] , the performance gain mainly comes from usercentric cell coordination (i.e., joint transmission of the same cached content). In [16] , part of the performance gain comes from the cache-aided transmission cooperation. However, it would be useful to derive the general results of UCN performance without considering cell coordination, in order to characterize the intrinsic gain of cache-enabled UCN obtained from the BS diversity within the BSG.
B. CONTRIBUTIONS
The major contributions of this paper can be categorized broadly as follows:
• The system model is different from the existing literatures from different perspectives. Specifically, in contrast to [14] , BSs are not connected by fiber-based link; in contrast to [15] , the serving BS changes dynamically within the BSG; in contrast to [16] , [17] , cell coordination is not considered.
• The analytical expression of average outage probability for cache-enabled UCN is derived, so as to characterize the intrinsic gain obtained from the BS diversity within the BSG. In cache-enabled UCN, contents are searched in the BSG where user association is cacheaware, i.e., UE is served by the BS that has the required content and provides the largest signal-to-interferenceplus-noise ratio (SINR) within the BSG.
• Optimal caching distribution is obtained in closed-form to solve the optimization problem of minimizing the lower bound of average outage probability with the cache size constraint at BSs. It is shown that, neither caching the most popular content everywhere nor caching the content according to Zipf distribution (the request distribution) is optimal, and that caching distribution is more uniform than the request distribution to optimize the caching performance. 
II. SYSTEM MODEL

B. USER-CENTRIC CONTENT ACCESS AND CELLULAR ASSOCIATION MODEL
In UCN, the basic service unit for each UE is the dynamic UEspecific BSG which is constituted of a group of BSs (including SBSs and MBSs) close to the UE, as shown in Fig. 1 .
To determine the size of BSG, we set radius constraints R s and R m . And the SBSs and MBSs, whose distances to the UE are smaller than R s and R m respectively, are included in the BSG of the UE. When the demand from a user can be satisfied by locating and transmitting the content from the cache at BSs in the BSG, tiny delay will be achieved, which results in the performance gain of the cache-enabled UCN. When a user requests a file, the delivery process is demonstrated as
• The user firstly searches the cache in the SBSs within the BSG, and it is assumed that the content requires a certain desired SINR T for transmission. The SBS with a largest VOLUME 7, 2019 FIGURE 1. Cache-enabled user-centric network. The UE searches the required file in the SBSs and MBSs that constitute UE-specific BSG. Nearest SBS with the required file (content 2) is not necessarily the serving SBS, for serving SBS has the largest SINR to the UE among the SBSs with the required file.
SINR to UE among the SBSs that have the requested content becomes the serving SBS of the UE.
• If the user does not find the requested file or cannot be served at the desired SINR by the serving SBS, it will then search the caches in the MBSs within the BSG which have a bigger probability to find the requested content.
C. CHANNEL MODEL
According to Slivnyak's theorem, the typical UE (o) which is located at the origin is focused on without loss of generality [18] . The standard distance-based path loss model is used with path loss exponent α(α > 2). The small scale fading is assumed to be Rayleigh fading in this paper. Thus, the received power of UE o from BS i is P i h i r
where h i follows an exponential distribution with mean 1, i.e., h i ∼ exp(1), P i is the transmission power of BS i, and r i is the distance from BS i to UE o.
In dense deployments, UCN is interference-limited, that is, the thermal noise is negligible compared to the interference power. For this, thermal noise power σ 2 is ignored in this paper.
D. REQUEST DISTRIBUTION
The users' request frequency of file n from library S, represented by q(n), is distributed according to the Zipf distribution in this paper. The request probability for content n ∈ S is given by
(1) where w is the exponent of the Zipf distribution and N is the size of library S. The value of w is closely related to the type of the file. We have q(l) > q(j) for l < j.
E. CACHING DISTRIBUTION
In order to simplify the system model, we consider the cellular network where the MBS has a large storage space (or is connected to the core network with optical fiber), and can cache contents from the whole library S = {1, 2, . . . , N }.
Since the storage space of the SBS is smaller than the storage space of the MBS, the SBS only stores a subset of content library S. The probabilistic content placement is considered where the SBSs cache content n with probability p s (n). This paper adopts the probabilistic caching method proposed in [19] , where each SBS randomly builds a list of up to C x contents to be cached. How a SBS probabilistically chooses C x contents to be cached among total N contents according to the caching probability is illustrated in [19] . Detailed notations of this paper are summarized in Table 1 .
III. ANALYTICAL RESULTS
In this section, we derive an analytical expression of the outage probability to show the transmission failure rate. The content distribution in a static network is considered and the outage probabilities for both the MBS and SBS are obtained respectively to get the average outage probability of the entire network.
A. DEFINITION OF AVERAGE OUTAGE PROBABILITY
The average outage probability is defined as the probability that the required file cannot be transmitted by the caches of the BSG at a desired received SINR. P out,S (n) (P out,M (n)) denotes the probability that SBSs (MBSs) within BSG are not able to transmit the required content n to the UE at a desired SINR level, respectively. Hence, average outage probability is
From the formula, we can obtain that the user is not able to obtain the desired file iff
• The SBSs within BSG do not cache the required file, or the required file cannot be transmitted to the user at a desired SINR.
• Under the above conditions, the MBS cannot meet the desired SINR for transmission either. The user service cannot be covered if the above two conditions are satisfied, and the average outage probability is obtained through weighting the outage probability by the request distribution.
B. THE ANALYSIS OF AVERAGE OUTAGE PROBABILITY
Note that there may be more than one SBS within BSG with the required content. In this paper, the user selects the SBS with the best link quality as the serving SBS among the SBSs that have the requested content. Hence, the average SBS outage probability for content n, i.e., P out,S (n), can be expressed as
where K is the number of SBSs with content n in BSG, T is the desired SINR level, and SIN R i denotes SINR of UE o from BS i.
In the network, the SBSs with content n is a thinned PPP of density p s (n)λ s where p s (n) is cache hit probability (i.e., caching probability) of content n in the SBS. Thus, the probability mass function (PMF) of K is
From the properties of PPP, given an area and a fixed number of SBSs in the area, the SBSs are distributed independently and uniformly over the area [20] . Therefore, the distribution of the k SBSs with content n within the user's BSG is the same as the case when the k SBSs are distributed independently and uniformly over R(R). As a result, The received signal power from SBS i, i.e., P i h i r −α i , is independent with that from SBS l, i.e., P l h l r −α l . We have
which is obtained from the assumption that the event SIN R i < T is independent with SIN R l < T for i = l(i, l = 1, 2, ..., k), and the accuracy is verified by the demonstrated closeness of the analytical and simulation results in Section V. The SBS outage probability P out,S (n) is obtained as
where P out,S,c2 (or P out,S,c3 ) are the SBS outage probability conditioning on that the serving SBS is (or is not) the nearest SBS, respectively. (6) implies that an SBS outage occurs if there is no SBS with the required content n in the BSG. Otherwise, when there are SBSs with content n in the BSG, there are two cases of outage. The first case is when the nearest SBS has the required content, and not only the nearest SBS but also other SBSs with the required content in the BSG cannot provide the desired SINR for transmission to the UE, which has a probability of p s (n)P out,S,c2 (P out,S,c3 ) k−1 when K = k. The second case is when the nearest SBS does not have the required content, and all SBSs with the required content in the BSG cannot transmit to UE at the desired SINR, which has a probability of (1−p s (n))(P out,S,c3
It is worth mentioning that we separate the term representing the case where the nearest SBS is serving SBS in (6), because mathematical manipulations are different when analyzing the outage probability later on. Thus, the following three cases are considered.
the Serving SBS Is the Nearest SBS):
The nearest SBS stands for the SBS (with or without the requested content) that is closest to the UE among all SBSs in the network. In this case, the probability density function (PDF) of the distance r from the nearest SBS to the UE, conditioned on that nearest SBS is located inside R(R s ), is given by
In the case of the serving SBS being the nearest SBS, SBS outage probability is
where
is the interference, and [21] . P out,S,c2 is further given by
When α = 4, P out,S,c2 can be simplified to P out,S,c2
Case 3 (K 1, the Serving SBS Is Not the Nearest SBS): SBS i, i ∈ {1, 2, ..., k} is uniformly distributed in an annular area R(R s ) − R(r). Thus, the PDF of the distance R between VOLUME 7, 2019 SBS j and the UE is found as f R (R) = 2R/(R 2 s − r 2 )(r R R s ), given distance r from the nearest SBS to the UE.
Next, we derive the SBS outage probability when the serving SBS is not the nearest SBS. In this case, (11) where the interference I = k∈ s ,k =i P k h k r −α k , and
is obtained by (12) , as shown at the top of the next page.
Define the exponential integral Ei(x) as Ei(x) = x −∞ e t t dt. For the special case of α = 4, P out,S,c3 is further given by (13) , as shown at the top of the next page.
From (6), we have
Applying the Maclaurin formula of e x , we have P out,S (n) 
Similarly, the average MBS outage probability in serving a user requesting content n is given by
where the MBS outage probability when the serving MBS is (or is not) the nearest MBS, i.e., P out,M ,c2 (or P out,M ,c3 ) is derived by following similar steps of deriving P out,S,c2 (or P out,S,c3 ). From (17), we can see that MBS outage probability is the same for all n ∈ S since all the contents are cached in the MBS. Finally, according to (2), the average outage probability is obtained by the product of P out,S (n) and P out,M (n) weighted by the request distribution.
IV. OPTIMAL CACHING DISTRIBUTION
In Section III, we derive analytical expressions of the average outage probability P out,ave of UCN. In this section, we define the optimization problem as (18) , where the aim is to minimize the average outage probability P out,ave while considering the cache size constraint. The optimal caching distribution is obtained by solving (18 
where the objective function can be further written as
The constraint A2 accounts for the limited memory space C x of the SBS. The constraint A2 has also been adopted in [22] , [23] .
To get a more tractable optimization problem, we consider the objective function that is the lower bound of P out,ave .
Minimize the Lower Bounds of P out,ave : The lower bound of P out,S (n) is given in (19) , as shown at the top of the next page. As can been seen from Fig. 6 in Section V, the lower bound is tight.
The optimization problem of minimizing the lower bound of P out,ave is defined as
The Hessian matrix of second partial derivative of P
out,ave of size n × n, where the element 
According to the Karush-Kuhn-Tucker (KKT) conditions, using the Lagrange multiplier method, we define
where η is the Lagrange multiplier. To minimize (p s , η), its partial derivatives with respect to p s (n) are taken. And the partial derivative ∂( (p s , η))/∂η = 0 equals to the constraint equation A2. From
we obtain p s (n) given the value of η, which is given by (24) , as shown at the top of this page. In (24), W(z) represents the Lambert-W function [24] . Noting that 0
where the optimal value of η, i.e., η (op) , is obtained by the bisection search method under the constraint A2, and
) is given by (24) .
Remark 1: As can be seen from (24), the caching PMF is different from the request PMF (i.e., the Zipf distribution). In addition, the popularity-based caching policy (PCP), where the SBSs cache the C x most popular contents, is not the optimal caching placement in UCN.
Remark 2: From (24) , more popular files should be cached at a higher number of SBSs. Moreover, the caching PMF should be more uniform compared to the request PMF. This is
V. NUMERICAL RESULTS
In this section, numerical simulations are performed to evaluate the accuracy of the analytical results and to show how system parameters influence the performance.
A. AVERAGE OUTAGE PROBABILITY INFLUENCED BY DIFFERENT PARAMETERS
In Fig. 2 , the performance of user-centric content access and cellular association scheme in cache-enabled UCN is compared with that of [15] where the UE is associated with the nearest SBS or MBS with the required content. We set λ s = 1000 /km 2 , λ m = 20 /km 2 , w = 1.2, and PCP is adopted. It can be seen that, with the proposed user-centric content access and cellular association scheme, the average outage probability is smaller. This is because the UE can benefit from the BS diversity of the BSG consisting of potential serving BSs. That is, the UE is always associated with the BS providing the best coverage performance among those with the required content, rather than the nearest BS with the required content.
In addition, the Monte Carlo simulation results in Fig. 2 match well with the analytical results, which validates the analysis and the derived results. Moreover, from Fig. 2 , increasing the size C x of cache at SBSs leads to saturation of the coverage performance. In other words, the average outage probability will not decrease by further increasing the size of cache beyond a certain value, e.g., the saturation C x equals 100 approximately for a fixed SINR threshold T = 1.5, since the decrease of the average outage probability is very small (< 5%) by further increasing C x beyond C x = 100. FIGURE 2. The performance of cache-enabled UCN compared with that of [15] . Fig. 3 shows the relationship between the average outage probability and the BSG radii for SBSs and MBSs (i.e., R s and R m ) for λ s = 1000 /km 2 , λ m = 200 /km 2 , w = 1.2, T = 0.5, with PCP being adopted. As can be seen, the average outage probability decreases with the increase of the BSG radii R s and R m , and the reason lies in that UEs can benefit from more diversity of the potential BSs' resources (including caching and transmission resources) to provide local transmission for UEs with a higher SINR. Moreover, the coverage performance saturates as the BSG radii R s and R m increase. In other words, there exists a certain value of R s (or R m ) where further increasing it would only bring about very little decrease in the average outage probability. Therefore, there is no need to choose a very large R s and R m , and the corresponding saturation value of R s and R m is appropriate for network deployments.
In addition, it can be observed from Fig. 3 (a) that when R s is large enough, the gain of the coverage performance brought by a larger R m decreases as R m increases. For example, for C x = 20 and R s = 30 m, the case of R m = 6R s has the same performance as that of R m = 3R s . And similar conclusions can be drawn from Fig. 3(b) that when R m is large enough, the gain of the coverage performance brought by a larger R s decreases as R s gets bigger. Fig. 4 presents the effect of BS-to-UE density ratios λ s /λ u and λ m /λ u on the average outage probability for λ s = 1000 /km 2 , λ m = 20 /km 2 , R m = 80 m, w = 1.2, T = 0.5, with PCP being adopted. The coverage performance increases with BS density, but when BS density is large, the average outage probability decreases with the increase of BS density at a slower rate. For example, as can be seen from Fig. 4(b) , the average outage probability decreases with the increase of λ m /λ u at a very slow rate when λ m /λ u 0.3. Moreover, the average outage probability decreases with the increase of C x at a slower rate when C x is large, which is in consistent with Fig. 2 . Fig. 5 investigates the impact of the requested object index, the desired SINR and the size of cache on the average outage probability. It is observed that (especially from Fig. 5 (b) ) the average outage probability for the less popular objects (e.g., n = 30) can be decreased significantly by increasing the cache size C x at SBSs while this is not the case with frequently referenced objects (e.g., n = 1).
B. OPTIMAL CONTENT PLACEMENT FOR CACHE-ENABLED UCN
In Section IV, the optimal caching distribution of minimizing the average outage probability P out,ave is intractable, and thus the lower bound of the average outage probability is minimized instead so as to obtain the optimal content distribution. Therefore, in Fig. 6 , we compare the average outage probability with its lower bound (i.e., P lb out,ave ) for different SINR thresholds, where we set λ s = 1000 /km 2 , λ m = 20 /km 2 , R s = 35 m, R m = 80 m, w = 1.2. The tightness of the lower bound is verified by the very slight gap to the exact results of the average outage probability. Fig. 7 demonstrates the average outage probability versus the BSG radius for SBSs (i.e., R s ) for different caching distributions when λ s = 1000 /km 2 , λ m = 20 /km 2 and R m = 80 m. Uniform caching policy (UCP) and PCP are used in [15] , where the SBS randomly caches contents regardless of popularity for UCP, and the SBS caches the most popular C x caches for PCP. As expected, the average outage probability is independent of the file distribution (e.g., the exponent w of the Zipf distribution) for UCP, and PCP performs better than UCP. In Fig. 7 can decrease the average outage probability by 28.5% for a fixed w = 1. It means that caching the most popular contents is not the optimal caching distribution to minimize the average outage probability, and optimal content placements of probabilistic caching (p (lb)(op) s ) is derived analytically according to the theoretical results of the outage probability.
Although the optimal caching distribution affects the average outage probability quantitatively, it does not affect the trend of the curves qualitatively. That is, similar to Fig. 3 , the average outage probability decreases as R s increases. Moreover, the coverage performance saturates as the R s increases. Also, the performance impacts of the cache size, the SINR threshold, SBS and MBS densities on P out,ave are not qualitatively different from Fig. 2 and Fig. 4 , and the results are not presented here for conserving space.
VI. CONCLUSION
This paper pays attention to characterizing the performance gain obtained from the increased BS diversity within the BSG and finds the optimal caching distribution in cacheenabled UCN. An analytical expression of the average outage probability is derived using stochastic geometry to formulate the relationship between the outage and the BS-to-UE density ratio, cache size and BSG radius. Based on the analysis, with the cache size constraint, the optimization problem of minimizing the lower bound of the average outage probability is solved, and closed-form optimal caching distribution is obtained. It is found that the optimal caching distribution should be more uniform than the request distribution. The Monte Carlo simulation results match well with the theoretical analysis. The numerical results show that cache-enabled UCN can provide a smaller outage than the case of [15] by 42.1%. In addition, the results also indicate that the average outage probability can be decreased by 28.5% when using the optimal caching distribution (compared with PCP).
